ABSTRACT: Fecal pellets and pseudofeces of estuarine benthic infauna were analysed for cadmium, copper, nickel and zinc content (using a weak acid leach and a concentrated acid leach) and compared with metal concentrations in surface sediment. Fecal pellets of the gastropod mollusc Hydrobia ulvae, and bivalve molluscs Mya arenaria, Cerastoderrna edule, Scrobicularia plana and Macorna balthica contained higher metal concentrations than surface sediment samples. Average enrichment factors over sediment ranged from 1.5 to 3.6 for cadmium, 2.2 to 7.7 for copper, 1.5 to 4.0 for nickel, and 2.2 to 4.6 for zinc. Average values for metal concentrations in the polychaete Arenicola marina fecal casts were also slightly higher than sediment levels (enrichment factors of 1.2 to 1.8). Bivalve pseudofeces generally contained higher metal concentrations than surface sediment. Average enrichment factors over sediment ranged from 1.1 to 1.8 for cadmium, 1.5 to 2.6 for copper, 1.0 to 7.5 for nickel and 1.3 to 2.4 for zinc. Feces contained a larger percentage of small particles than surface sediment, particularly the bivalve fecal pellets. Metal concentrations in pooled fecal materials and sediments were inversely related to particle size and positively correlated with organic carbon content. These observations suggest that selection by animals in feeding for small particles and for organic substrates strongly influences metal concentrations in fecal materials. Since large numbers of infauna may occur in estuarine mud flats, sediment processing via fecal production by suspension feeders and selective deposit feeders is likely to be an important pathway of element cycling in estuarine ecosystems.
INTRODUCTION
The importance of organisms in the cycling of trace elements and radionuclides, via their concentration and deposition in feces, has been recognized for some time. However, investigations have focused largely on zooplankton pellets and their role as a downward transport mechanism for pollutants to the sea floor (Fowler 1977 (Fowler , 1982 . For certain elements, fecal excretion is the major elimination route .
Little information is available on the trace element content of fecal material of marine or estuarine benthic invertebrates. Studies on the crab Pugettia producta feeding on the brown alga Macrocystis pynfera (Boothe & Knauer 1972) and 5 salt marsh invertebrates (Kraeuter 1976) showed that most trace metal concentrations were generally higher in feces than in algae, halophytes or sediments. George et al. (1976) found that ferric hydroxide was accumulated to high concentrations by the mussel Mytilus edulis, but 30 % of the @ Inter-Research/Printed in F. R. Germany iron presented to the gut was eliminated with the feces.
Particulates filtered by suspension feeders are deposited on the sediment in feces and pseudofeces. This process, termed biodeposition, adds new material to the sediment and may be an important pathway for the deposition of trace metals in sediments. Large quantities of detritus and sediment particles are processed by deposit-feeding infauna into fecal pellets and pseudofeces (Lee & Swartz 1980) . Any enrichment of trace elements in fecal pellets may be of consequence in the transfer of elements through food chains, since feces may constitute a quantitatively important food source (Frankenberg & Smith 1967) .
As part of a study on estuarine benthic invertebrate feces, and their role in concentrating organic matter, and regenerating nutrients during decomposition (Brown 1982) , the possibility that fecal materials may be significant in the biogeochemical cycling of trace elements in estuarine ecosystems was also investigated with respect to Cd, Cu, Ni and Zn. The concen-trations of these elements in biodeposits of some estuarine infauna including the mud snail (Gastropoda) Hydrobia ulvae (Pennant), the lugworm (Polychaeta) Arenicola marina (L.), and bivalve molluscs (Bivalvia), including the common cockle Cerastoderma edule (L.), the peppery furrow shell Scrobicularia plana (da Costa), the sand gaper Mya arenaria L., and the Baltic tellin Macoma balthica (L.) are reported here and compared with surface sediment (top 2 to 3 mm) concentrations.
Many studies have shown that trace metal concentrations are related to particle size and organic carbon in sediments (Forstner 1979 , Dossis & Warren 1980 , Thorne & Nickless 1981 and many benthic suspension-and deposit-feeders are also known to feed selectively on a restricted range of particle sizes. Trace metal concentrations in feces were thus compared with the particle size composition (and organic carbon), to investigate the effect of particle selection in feeding on fecal metal concentrations.
MATERIALS AND METHODS

Collection of samples.
Animals and samples of surface sediment (top 2 to 3 mm, collected with a plastic scoop), were taken during different seasons in the vicinity of Salthouse Point on the southern shore of the Loughor Estuary, South Wales. Approximately 20 Mya arenaria, 50 of each of the other bivalves, and several hundred Hydrobia ulvae were collected as soon as the receding tide uncovered the area. Shell lengths of the molluscs collected were as follows: H. ulvae 2.5 to 5 mm, Cerastoderma edule 2 to 4 cm, Scrobicularia plana 2.5 to 5 cm, M. arenaria 7 to 10 cm, Macoma balthica 1.5 to 2.5cm. Several large bowls of sediment were collected with the H. ulvae so that they could continue feeding in the laboratory. In sampling fresh Arenicola marina casts, a n area of approximately Sm2 was smoothed of existing casts, and fresh casts subsequently extruded were collected using a plastic knife. Sediment and animal samples were returned to the laboratory as soon as possible, and samples requiring no further treatment prior to experimental work (sediment and A. marina casts), were kept at O°C overnight.
Preparation of animal samples for fecal pellet and pseudofeces collection. The bivalves were individually scrubbed with a nail brush to remove all sediment and organic material attached to their shells. They were then placed in collecting trays (constructed with nylon mesh glued between segments of perspex to allow pellets and pseudofecal material to fall to the bottom of the collection vessel) in bowls of 0.45pm membranefiltered seawater, and allowed to defecate. The bowls were loosely covered with plastic film to prevent possible contamination. Feces and pseudofeces were removed with glass pipettes every 30 to 60 min and kept at 0°C in an incubator until sufficient material for analysis had been collected.
Hydrobia ulvae were left overnight in bowls of sediment (with a small amount of seawater) and kept in incubators set at ambient seawater temperatures. Hence they were allowed to continue feeding until the following day when time was available for pellet collection. H. ulvae were scooped up from the surface sediment and placed in nylon mesh and perspex cylinders in a beaker. They were washed thoroughly with fast-flowing tap water to remove surrounding sediment, and light pieces of organic material freed during this process were periodically decanted. Vigorous washing with tap water did not appear to adversely affect these snails as they are able to withdraw into their shells.
After washing, the snails were placed in membranefiltered seawater and allowed to move around for a short time in order to free any particles trapped in the mantle cavity when the snails withdrew into their shells during the washing process. The snails were then transferred, in their collection cylinder, into fresh filtered seawater and allowed to defecate. Pellets were removed every 30min and kept at 0°C as for other material. When the production rate of pellets began to decline, the snails were returned to their bowls of sediment and allowed to feed again. The process was repeated until sufficient material for analysis was obtained.
Separation of fecal material from pseudofeces. Separation of fecal material from pseudofeces was achieved using nylon mesh sieves of suitable aperture size. The sieves and their contents were placed in evaporating basins filled with membrane-filtered seawater, and gently agitated to allow material smaller than the aperture size to fall through. For example, Scrobicularia plana and Cerastoderma edule samples were first passed through a 800 p m aperture mesh to trap large pieces of pseudofecal material which were placed in a clean glass vial. Intact pellets were caught on a 5 0 0 p~n mesh and the fine pseudofecal material passed into the evaporating basin. Pellets of Macoma balthica were retained on a 170pm mesh. The pseudofecal fraction was further sorted under a low power microscope and pieces of broken fecal material were picked out with a micropipette and discarded.
Only a few greenish-brown coloured fecal pellets were produced by Mya arenaria and these were sorted manually. Two other types of ejecta were recovered from the collecting bowls: pseudofeces heavily entwined in mucus, greenish-brown in colour and rich in low density organic material; and loose unbound sand and silt grains, low in organic material and mucus, and sandy in colour. The loose material was expelled from the fused siphon and was not trapped between the shell valves. It was therefore thought to be unconsolidated pseudofecal material, possibly settled out within the mantle cavity prior to reaching the gills (Bernard 1974) . The sticky mucilaginous pseudofeces were separated from the unbound material, and for the purpose of experimental work are described as 'mucus bound pseudofeces' and 'loose pseudofeces', respectively.
Sample preparation prior to digestion. Once suff icient material was collected, samples were washed with distilled water to remove most of the sea salts, allowed to settle and the water was carefully poured off. Samples were freeze-dried and then disaggregated and thoroughly mixed with a clean glass rod. Chemical analysis for trace metals. Two digestion methods were used on 0.2 to 0.4 g each of the samples:
(1) a strong boiling acid leach using a 3 : 1 mixture of concentrated nitric and perchloric acid that will destroy most organic matter, dissolve precipitated and adsorbed metals and dissolve most minerals except crystalline silicates (Agemian & Chau 1976); (2) a weak acid leach using a 25% w/v solution of acetic acid, to provide a measure of the loosely bound fraction of trace metals (Willey 1976 ) that may be available for uptake into the food chain (Cranston 1974) . Blanks were prepared in the same way omitting the sample. Detailed procedures of digestion techniques are given in Brown (1982) . The solutions were analysed by atomic absorption spectrophotometry (air/acetylene flame) using a Varian Techtron M 6 . A calibration curve for each element was constructed daily from a range of standards made up from BDH atomic absorption standards. Blank samples (digestion mixture and double-distilled water) showed zero absorption. Non-atomic absorption was checked with a hydrogen continuum lamp. Samples and standards showed similar non-atomic absorptions which were negligible (within sample error). Coefficient of variation of 6 replicate samples ranged from 1 to 10 % depending upon the element analyzed and type of digestion.
All glassware and storage vessels used in trace metal analysis were soaked with concentrated nitric acid overnight, followed by thorough rinsing in doubledistilled water.
Grain size analysis by sieving. Sediment samples were freeze-dried, disaggregated in a mortar and pestle and dry sieved for 5min. Each fraction was then further disaggregated, recombined, weighed and returned to the bank of sieves (fraction sizes: >500, 315 to 500, 250 to 315, 160 to 250, 125 to 160, and < 63 pm), and agitated for 30 min. Stainless steel sieves and a nylon sieve brush were employed.
A sample of sediment and 2 samples of Scrobicularia plana pseudofeces were also passed through the sieves and then recombined. Subsamples of the recombined material were analysed for metal concentrations and compared with unsieved material, to check for possible contamination during sieving; none was found.
Grain size analysis by Coulter Counter. A few pg of each sample were taken and mixed with similar sample types to provide an average or seasonal estimate of particle size distribution. Sediment, pseudofeces and feces (40 to 50 pellets of Cerastoderma edule and Scrobicularia plana and 200 pellets of Hydrobia ulvae)
were dispersed in alkaline sodium hexametaphosphate followed by agitation in an ultrasonic bath for approxin~ately l0min. Grain size was analysed by Coulter Counter Model TA1 1. The 'relative' population of particles in the ith channel of the Coulter Counter (P,) is given by:
where 0, = t h e volume fraction (of the total particle volume) in the ith channel.
The relative surface area (SA,) of material in the ith channel is given by:
where d = diameter of the channel.
The relative surface area for the particle sample (SA) analysed in 16 channels of the Coulter Counter is given by:
Ignoring the constant the relative surface area can be obtained from:
The relative surface area thus calculated should be proportional to the actual surface area. Basic assumptions are that particles are spherical and that the integrity of fecal pellet particle size diameters is reasonably constant for any batch.
Particulate organic carbon analysis. Before freeze drying, samples taken for carbon analysis were treated with 5 % hydrochloric acid to remove carbonates until no effervescence occurred upon further additions of acid. Organic carbon was analysed by dry combustion at 800°C in a stream of oxygen, and infra-red analysis of the carbon dioxide produced. Random checks for the presence of carbonate were found to be negative. Standard sucrose solutions (0 to 8,000 yg C) were prepared and measured daily. Coefficient of variation for 7 to 9 replicate samples of sediment, pseudofeces and feces ranged from 2.4 to 4.9, depending upon sample type.
A note on feeding behaviour and terminology. The distinction between suspension feeders (e.g. Cerastoderrna edule, Mya arenaria) and deposit feeders (e.g. Scrobicularia plana, Macoma balthica) is not always clear, regarding the origin of ingested particles. Suspension feeders may take in some resuspended surface sediment, and some animals may display both modes of feeding, although one strategy may predominate. Except where a distinction is made between the 2 feeding types, the terms 'detritus feeders' and 'deposit feeders' are used synonymously to describe the animals investigated in this study.
RESULTS
Metal concentrations in feces and sediments
Metal concentrations found in surface sediment samples and fecal materials are given in Table 1 . All compact fecal pellets had enhanced metal levels compared with the animals' surrounding surface sediment for both acetic acid soluble fractions and nitric/perchloric digestions ( Table 2 ). Taking the average enrichment factors for the compact fecal pellets after nitridperchloric acid digestion, copper was concentrated to the (0.9-1.6) (0.9-1.0) (0.4-0.6) (0.3-0.5) (0.8-1.0) (0.7-0.9) (0.7-0.9) (0.7-0.8) 'Mucus bound' 1.6 1.8 2.5 1.5 3.9 7.5 2.0 2.4 2 pseudofeces ( 2 -1 9 ) ( 1 2 . 0 ) (1.5-3.5) (0.9-2.0) (1.3-6.4) (1.0-14.0) (1. (0.8-1.6) (0.9-1.5) (1.4-2.1) (1.1-1.3) (1.0-1.4) (1.2-1.7) (0.9-1.9) (0.9-2.7) greatest extent. In most cases, pseudofeces also contained slightly higher levels than surrounding sediment, but average enrichment factors were generally between 1.0 and 2.5. Exceptions were the Mya arenaria pseudofeces heavily coated with mucus which had higher enrichment factors for nickel, and the unbound sandy coloured M. arenaria pseudofeces which generally contained lower metal concentrations than surface sediment. Arenicola marina casts contained slightly higher average metal concentrations than sediment (factors of 1.2 to 1.8) although 4 of the 16 sample concentrations were lower (0.8 to 0.9). Sediment grain sizes greater than 160 pm generally contained higher metal concentrations (both digestions) than bulk sediment, in particular the fraction larger than 250-in large pieces of organic debris such as Spartina fragments, and shell fragments that comprise the bulk of this fraction (Table 1) . Except for cadmium, and loosely bound nickel, sediment fractions smaller than 125 pm showed the expected relation of increasing metal levels with decreasing grain size and with organic carbon (Fig. l ) and with an increasing percentage of silt (<63 pm fraction) in the sample.
The percent acetic acid extractable (PAAE) fraction, i.e. the percent of the 'total' concentration (from nitric/ perchloric acid digestions), that was extracted in 25 % w/v acetic acid, varied over a wide range, but taking average values, over half of the cadmium and zinc and over one-third of the copper and nickel were extractable in acetic acid. The PAAE fraction of nickel was the lowest of the 4 metals analysed and decreased with decreasing grain sizes < 125pm (Fig. 2a) , and an inverse relation was also found with organic carbon content of sediment and sediment fractions (Fig. 2b , r = -0.90, p <0.001), although PAAE nickel in fecal pellets was apparently influenced by other factors. Most of the nickel particularly in the fine-grained sediment was therefore in a fraction that is not attacked by 25 % w/v acetic acid.
Particle size considerations
Coulter Counter analysis of particle size distribution. Compact fecal pellets of the molluscs contained larger proportions of fine material than surrounding surface sediment (Fig. 3) . All sediment samples tended to be Grain sizes in feces from Hydrobia ulvae were more evenly distributed (Fig. 3a) . Particle size distribution in Cerastoderma edule and Scrobicularia plana fecal pellets (Fig. 3b, c ) was positively skewed, indicating a narrower range of particle size preference for smaller sizes by the bivalves, than shown by the gastropod. The C. edule pseudofeces sample did not differ markedly in size distribution from the sediment while S. plana pseudofeces showed an intermediate distribution between the fecal pellet sample and the sediment samples. Both the Arenicola marina sediment and fecal samples (Fig. 3d) showed a peaked, negatively skewed, distribution of grain size, however, the fecal o Acetic acid digest~ons 0 casts contained more fine, and less coarse, material than the sediment.
Correlations of metal levels with relative particle surface area and organic carbon Fecal pellet metal concentrations varied widely, however, significant and positive correlations were found between seasonally averaged concentrations of metals and relative particle surface area (Fig. 4a to d) . Loosely bound nickel showed the lowest correlation coefficient.
The trace metal concentrations of all types of samples considered together showed highly significant correlations with organic carbon content ( Fig. 5 ; r values of 0.686 to 0.862, p < 0.001), with the exception of loosely bound nickel which gave a lower correlation coefficient (r = 0.372, p < 0.01). Of the sediment samples and sediment fractions, correlations between nickel (nitriclperchloric digestions) and zinc (both digestions) with percent organic carbon in the samples were highly significant (p < 0.001). Analysis of correlation for copper nitriclperchloric digestions gave a significance of p C0.01, and for cadmium, copper and nickel acetic acid digestions of p < 0.05. No significant correlation was found between organic carbon and cadmium concentrations in sediments leached by concentrated nitric and perchloric acid.
DISCUSSION
Trace metals are accumulated by marine organisms via uptake from seawater or from food, and are eliminated via the gut in the feces, or via urine and excretion across the body surface and gills (Bryan 1971) . Concentrations of elements measured in the feces are a net product of (a) the amount of metals ingested that are absorbed by the animal (and which may eventually be excreted via the different pathways), (b) the proportion previously accumulated that may be excreted via the gut and incorporated with the feces, plus (c) unassimilated trace elements that were present in the undigested food.
Concentrations of trace elements are higher in fecal materials, particularly compact fecal pellets, than in surrounding sediments from which the animals select their food. An increased concentration in pellets over ingested food could not be demonstrated since the food source was not controlled, and the exact nature of material ingested was not known.
Although correlations between metals and sediment properties only describe a relation and do not identify the constituents with which a metal 1,s associated, it has fitted by regression analyses b e e n established that, i n g e n e r a l , higher trace metal concentrations a r e e n c o u n t e r e d i n t h e finer-grained, organic rich portions of t h e s e d i m e n t in t h e a r e a of t h e present investigation. S i n c e this is t h e fraction selected b y m a n y deposit feeders, t h e s e a n i m a l s a r e e x p o s e d t o h i g h e r metal levels t h a n indicated b y a v e r a g e concentrations i n b u l k s e d i m e n t . Of t h e 4 metals analyzed this w o u l d not a p p l y for loosely-bound nickel since t h e 'available' fraction of this e l e m e n t decreased with organic carbon content a n d decreasing grain size. Vivian (1976) also noted that i n S w a n s e a Bay, adjacent to t h e p r e s e n t study site, t h e percent acetic acid extracta b l e fraction w a s also inversely related to organic carbon a n d silt content.
O t h e r s t u d i e s w i t h salt m a r s h invertebrates h a v e
s h o w n an enrichment of trace metals in feces comp a r e d with surface s e d i m e n t and/or food substrate (Kraeuter 1976 ). Boothe & Knauer (1972) measured t h e concentrations of 9 trace e l e m e n t s i n t h e feces of t h e c r a b Pugettia products, a n d in t h e brown a l g a Macrocystis pyrifera o n which t h e crab was fed. Seven of t h e e l e m e n t s w e r e concentrated in t h e feces a b o v e levels i n food, including zinc a n d copper, b u t this feature w a s not found for c a d m i u m . This contrasts with studies o n euphausiids (Benayoun e t al. 1974) w h e r e c a d m i u m w a s found to be excreted largely i n t h e feces.
Assimilation of organic material reduces t h e volume b e t w e e n ingestion a n d egestion a n d concentrates 'non-available' metals. Therefore for a n i m a l s with h i g h assimilation efficiencies, t h e concentration of ele-ments in the feces may be largely due to the reduction in the weight of food egested compared with ingested food. This assumes that trace elements are not all available for uptake and are not assimilated in the same proportion as the food. In the experiments of Boothe & Knauer (1972) metal concentrations in crab feces were higher than in the alga, but not as high as the theoretical maximum (algal metal concentration X weight ratio of algae consumed to feces egested) due to absorption across the gut and subsequent excretion via other routes. In sediment-ingesting infauna a large amount of inorganic material is ingested with various sources of organic material. Over 95 % of the dry weight of material ingested by Scrobicularia plana is inorganic material (Hughes 1969) . For deposit feeders then, assimilating only a small percentage of material passing through their guts, the reduction in weight between ingested and egested material is unlikely to contribute significantly to higher fecal metal concentrations. A large proportion of sediment-bound trace elements such as the fraction insoluble in 25 % w/v acetic acid will be unavailable for assimilation and will be directly egested. Cross et al. (1975) found that because assimilation efficiencies for trace metals ingested by juvenile estuarine fish were low, most of the metals ingested were egested in the feces. The concentrations of trace metals in feces of estuarine deposit feeders are likely therefore to reflect the concentrations in ingested material. Hence the selection of materials prior to ingestion for fine particle size and for organic material must be a major influence on fecal pellet trace metal levels in sediment ingesting organisms.
Sieving of sediment samples for trace metal analysis of the different fractions in the present study indicated that, in general, the largest percentage (by weight) of the samples was composed of 2 size fractions between 90 and 160 pm. The sediment samples analysed by Coulter Counter exhibited a peak (in % volume) between about 80 and 160 pm. Many deposit feeders, however, ingest particles of a predominantly smaller size range. This is seen clearly from the results of the Coulter Counter analyses (Fig. 3) . Fenchel et al. (1975) noted that Hydrobia ulvae can ingest particles of size Table 3 . Metal enrichment factors of sediment size fraction < 6 value of 5 ranging between 20 pm and 200 to 300 pm, but will select for particular diatom sizes (depending upon snail size) and will browse on surfaces of large particles. In the present study, some selection was evident and can be further explained by observations of Lopez & Kofoed (1980) who found that although H. ulvae can ingest particles up to 200 km, snails (4 to 4.5 mm long) fed most rapidly upon particles 40 pm and 40 to 80 pm. Feeding rate decreased with increasing particle size, and on 80 to 160 pm sediments the rate was one-third of that on 40 to 80 pm sediments. In the feces from Scrobicularia plana and Cerastoderma edule (Fig. 3b,  c ) approximately 80 % (by volume) of the constituent particles were smaller than 30 pm, and the sediment contained only 20 to 30 % of particles below this size.
Sediment particles in the fraction < 30 pm were not analyzed separately for their metal content in the present study. However, enrichment factors of the fraction < 63 pm over bulk sediment (Table 3) show increased concentrations in this fraction (e.g. u p to a ?-fold increase for copper), and this suggests this is a major reason for the similar increase seen for copper in feces compared with bulk sediment. Cadmium was only slightly higher in the < 63 pm fraction than in bulk sediment and does not explain the increase in fecal pellets. It is possible that cadmium that has accumulated from pathways other than food is excreted with the feces. Alternatively, cadmium may be associated with a fraction considerably smaller than 63 pm whose distribution is not revealed within the limits of size separation here. Since organic carbon levels are related to grain size, correlations with organic material can b e secondary (Jones & Jordan 1979) . However, metals can bind to organic material and the considerable quantity of organic matter present in coastal sediments tends to coat silt and clay particles, and probably reduces direct adsorption by clay minerals (Meyers & Quinn 1974) . Metals may be accumulated by algae and also marsh grasses (Williams & Murdoch 1969 , Drifmeyer et al. 1982 and may be further concentrated as marsh vegetation is broken down to detritus (Lindberg et al. 1975 , Rice & Windom 1982 . In the present study, higher metal concentrations than bulk sediment were found 3 p m over bulk surface sediment concentration. Mean (range) samples Particle selection by animals on a density basis, for organic substrates, will influence trace element concentrations in feces and pseudofeces and modify levels expected from considerations of grain size alone. The particles in the pseudofeces may not differ markedly in size from bulk sediment, but pseudofeces appear to contain a greater proportion of low density organic debris. It has been assumed that the intake of particles at the tip of the siphon is probably unselective in some deposit-feeding bivalves (Hylleberg & Gallucci 1975) . However, a degree of physical, or 'hydraulic' sorting may occur, with a larger proportion of lighter material being taken into the siphon, leaving denser grains on the sediment surface.
In the present study, fecal pellets contained higher organic carbon content and higher metal levels than sediment, but exhibited a wide range of metal concentrations over a narrower range of organic carbon (Fig.5) . This probably reflects the heterogeneous nature of organic material and seasonal differences in the food supply (e.g. phytoplankton/benthic diatoms : organic detritus ratio) and changes in metal levels which may occur during passage through the gut of an organism. Loosely bound metals, extractable in 25 % w/v acetic acid, are potentially available for uptake, and this fraction was variable but significant in the samples analyzed in the present study, particularly for copper and zinc (averaging over 50 %). Some may be assimilated from ingested food and this would decrease levels egested with the feces. Conversely, some trace metals that have accumulated in an organism from other pathways (e.g. via solution) may be eliminated via the gut in particulate form or adsorbed onto the feces, thus increasing fecal metal levels.
Elimination via the gut may be an important pathway in organisms such as crustaceans (Bernard & Lane 1961 , Bryan 1968 , Renfro et al. 1974 ) and molluscs (Potts & Todd 1965) . In Cerastoderma edule, metals are excreted in spheres pinched off from the digestive cells (Owen 1955) . Presumably these may be carried back to the gut and included in the feces. Scott & Major (1972) suggested that copper levels in Mytilus edulis may be controlled by removal with the feces and/or with mucus secreted from the gills. When animals were placed in seawater with 0.3 mg l-' copper, an increase in mucus production was observed. Metals may be taken up by ion exchange onto mucus secreted by body surfaces, particularly the mantle and gills (Pringle et al. 1968 , Pentreath 1973 and may be exported to the gut or expelled with the pseudofeces. A concentration of trace metals in mucus substances expelled with the pseudofeces may contribute to the relatively higher concentrations found in pseudofeces (Table 2) , particularly the mucilaginous material produced by Mya arenaria. Mucus sheets on oyster gills have been shown to concentrate trace metals (Korringa 1952 , Brooks & Rumsby 1965 and Harrison (1972 Harrison ( , 1973 found 65Zn, 60Co and 13'Cs were concentrated in the mucopolysaccharide/proteinaceous 'peel' covering the siphons and mantle margin of Mya arenaria.
The relative importance of these processes on fecal metal concentrations was not determined in the present study on fecal materials produced from natural food sources. Natural sediments comprise a heterogeneous mixture of inorganic and organic particles with a complexity of metal associations. Controlled experiments, with a more homogeneous food source of particles that are acceptable for ingestion and/or tracer studies, should help to determine the relative contributions of particle selection and net transfer of metals during passage through the animals to fecal concentrations. More reliable estimates of particle surface area may be obtained by methods other than Coulter Counter analysis, although alternative methods such as nitrogen sorption require larger samples than those available in the present study.
Few data exist for trace element concentrations in animals from the Loughor Estuary used in the present study (Table 4) , however, concentrations in fecal pellets measured in the present study are similar or higher than these whole animal and individual tissue concentrations. It is likely that levels in fecal pellets are higher than those in tissues of animals near Salthouse Point, since the data on Scrobicularia plana (Table 4 ) are from animals collected on the north side of the Estuary, in the proximity of major industrial sewage and river discharges. Metal levels in sediments and water in this area are higher than those measured in the present study (Smith unpubl. 1978 , Wright 1978 . The probability that metal levels in feces are higher than in animals supports the conclusion of Flegal & Martin (1977) and Hall & Merlini (1979) , that deposit feeding animals should be allowed to completely empty their guts before they are analyzed for metal concentrations, since errors from contamination with ingested sediment may be considerable.
Fecal material is considered to play a role in trophic relations of coastal benthic communities ) and comprise excellent substrates for microbial growth (Hargrave 1976 ). The present study shows that coprophagous species may be subject to preconcentrated metal levels. Little is known concerning the effects of residual digestive enzymes on metals (Wigham 1977) I that are passed out with the feces, or the effects of decomposition on the fate of trace elements in feces. Such studies would elucidate the role of benthic detritus feeders in the cycling of metals between dissolved and particulate phases. Possible pathways are: leaching during the decomposition of organic matter (return to solution), or transfer into microorganisms such as bacteria and diatoms that colonize fecal pellets and uptake by coprophagous species, or by deposit feeders following pellet breakdown. Uptake by microflora may render metals more 'available' than sediment-bound metals to detritus-feeding organisms and may be an important mechanism for the transfer of heavy metals from sediments to the macrofauna. Such a process may be particularly important in decomposing fecal pellets which have initially high trace element levels, and potential for heavy microbial colonization. Feces and pseudofeces usually exhibit different hydrodynamic properties from surface sediment grains. After fecal pellets are voided they may not remain close to the site of production, but they may be transported with the bedload or entrained into suspension (Risk & Moffat 1977 , Nowell et al. 1981 , depending upon pellet type, turbulence and current velocities. Observations in a seawater laboratory flume (Brown 1982) indicated that the cylindrical pellets of Cerastoderma edule and Scrobicularia plana have a lower critical erosion velocity than untransformed sediment and were transported along the sediment surface faster than sediment bedload movement. The presence of Hydrobia ulvae pellets in seawater samples, collected from l m above the sediment surface, demonstrated that these pellets may be carried in suspension. Significant quantities of fecal pellets have been observed in suspension in some estuaries (Haven & MoralesAlamo 1968) and where this is the case, fecal pellets may represent an important pathway for the lateral movement of trace elements, e.g. from estuaries into coastal waters.
In summary, biodeposits of detritus-feeding infauna contain elevated concentrations of trace metals compared with surface sediments. This is largely a result of particle selection in feeding. The activities of suspension feeders will accelerate the deposition of trace metals in surface sediments. The activities of selective deposit feeders that eject feces at the surface maintain these element-rich particulates in the sediment water interface. Here microbial activity is high and exchange of dissolved substances takes place. Bioturbation may also enhance resuspension of the pelletized surface and the exchange of materials between sediment and the overlying water. In view of the high abundance of infauna that may occur in estuarine mud flats, and high reworking rates, feces of deposit feeders and suspension feeders are likely to constitute an important pathway in the flux of trace elements between the components of the estuarine ecosystem.
